We present the development of a specialized concrete for neutron shielding at neutron research facilities, based on the addition of hydrogen atoms in the form of polyethylene and also B 4 C for enhancing the neutron capture properties of the concrete. We show information on the mechanical properties of the concrete and the neutronics, in particular it's relevance to modern spallation neutron sources, such as the European Spallation Source (ESS), currently under construction in Lund, Sweden. The new concrete exhibits a 15% lower mass density, a compressible strength of 50% relative to a standard concrete and a significant increase in performance of shielding against MeV neutrons and lower energies. The concrete could find application at the ESS in for example common shielding components, individual beamline shielding and instrument caves.
Introduction
Neutron research facilities offer scientists the opportunity to use thermal and cold neutrons for scientific investigations in both fundamental and applied sciences. At spallation neutron sources, such as the European Spallation Source (ESS) [1] , currently under construction in Lund, Sweden, the creation of these cold and thermal neutrons involves the bombardment of a heavy metal target with an intense and high-energy proton beam. The neutrons that escape the target can undergo scattering in moderators placed in the vicinity of the target and are ultimately guided towards the sample position of a neutron instrument, which can be up to around a couple of hundred meters away from the target.
However, the neutrons that are not slowed down, in addition to other highenergy particles, can travel deep into the shielding, which surrounds the target and moderators, and induce the creation of secondary particles that could also reach the location of a neutron instrument. These unwanted particles are timecorrelated with the proton beam pulse and may lead to backgrounds which make measuring weak signals impossible or challenging [2] . Therefore, neutron shielding not only plays an important role for radiation safety purposes, but also for minimizing the unwanted background noise in neutron instruments.
The bulk shielding at spallation neutron sources typically consists of steel and concrete. The choice of these materials is due to a number of different reasons. The attenuation of high-energy neutrons, above 10s of MeVs, is primarily driven by the material density, and therefore materials which are based on metals perform effectively. Below this energy range, hydrogen containing materials are well suited for the slowing down of neutrons. Compared to iron, which requires 410 collisions to slow a neutron down from 2 MeV to 1 eV, only 15 collisions are required for hydrogen [3] . Thus hydrogen containing materials such as concrete can be used to effectively reduce the energy of incident neutrons, especially around a few MeV and lower, to a regime where the absorption cross-section is larger for most materials. Furthermore, in this energy range, metal-based materials exhibit a significant number of pronounced minc 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ ima in their cross-sections, called windows [4] . Any neutron which is scattered into one of these windows will have a long mean-free path in the material and can travel a long distance. The addition of concrete shielding thus also serves the role of blocking the windows in the metal-based shielding. The concrete shielding can also often contain boron for instance, as in the outer layers of the shielding monolith at the Swiss Spallation Neutron Source (SINQ [5, 6] ) at the Paul Scherrer Institute, Villigen, Switzerland [7] , in order to absorb the neutrons which have slowed down to thermal energies. The final selection of the shielding materials is then a trade-off between these physics properties and for example the cost of the materials, floor loading and operational requirements, just to name a few.
Both experimental and theoretical evidence for the features described above have been observed in for example earlier studies [8, 9] at the ISIS spallation neutron source [10] at the Rutherford Appleton Laboratory [11] . An overview of the bulk shielding materials at this spallation source, consisting of iron and concrete, can be found within the Refs. [8, 9] where simulations and measurements revealed that the penetration energy spectra of neutrons through the bulk shielding had a broad component which peaks between 10 −4 and 10 MeV, corresponding to the slowing down of neutrons in the concrete and iron shielding. Additionally, a recent survey carried out at the Spallation Neutron Source (SNS), Oakridge, Tennessee, USA [12] also suggested that the dominant component of neutron leakage through the bulk shielding around the target was likely related to neutrons on the order of a few MeVs [13] . Therefore, continued research and development into new shielding solutions could be considered of great interest to both current modern and future spallation neutron sources.
For the above mentioned reasons, we investigated and developed a new spe- 
Design of the Concrete

Performance at a spallation neutron source
The main motivation behind the concrete was to increase the concentration of hydrogen through the addition of polyethylene (PE), in addition to boron in the form of B 4 C. Early studies of adding hydrogen to concrete, in the form of water, found that a 7 wt% water content was sufficient for the slowing down of intermediate-energy neutrons to the thermal energy range at a nuclear reactor [14] . It was also concluded that a greater water content would only improve the neutron attenuation properties of the concrete. The idea of adding boron to concrete is also well known. Early efforts were aimed at reducing the dose behind a neutron shield due to neutron capture photons through the addition of boron and a detailed early overview of work on specialized neutron shielding concretes can be found in [15] . In some more recent studies, Ref. [16] investigated how the additions of different boron compounds (up to 2% of the cement mass) affected the setting of Portland cement and Ref. [17] reported on the neutronic benefits of a plastic neutron shielding containing B 4 C for thermal and epithermal neutrons.
A replacement for heavy concrete at neutron research facilities was proposed in
Ref. [18] , where the authors presented a re-usable steel resin, paraffin/PE and boron mixture for neutron shielding. Of specific interest to this study, the addition of both PE and B 4 C to concrete was investigated in detail previously in Ref. [19] however no results on the actual construction or neutronic testing of the proposed PE-B 4 C-based concrete were presented.
To investigate the potential for using such a concrete at a spallation neutron source, we carried out simulations of the performance of the concrete over the entire relevant energy range. For these purposes, we used an incident energy spectrum from a Geant4 While the concrete is not planned to be used as a beamstop, these simulations illustrate the effects of modifying the composition of concrete over a wide energy range. The calculations were also carried out using Geant4 and the composition of the two concretes which were investigated are given in Table 1 , which is based on the mixing recipe presented in the next section. The physics list QGSP BERT HP [23] was used for the simulations. Here, QGS refers to the quark-gluon string model, P to pre-compound, BERT to the Bertini cascade model [24, 25] , and HP to the high-precision neutron package [23] .
The results of the simulations are shown in We also investigated the simulated prompt-photon production due to neutron interactions in the different concrete material compositions, and the results are shown in Fig. 3 . The simulation conditions were the same as described above. The addition of the PE to the concrete had little effect on the photon production and thus the figure only presents results for the reference concrete and the PE-B4C-concrete. The addition of the B 4 C resulted in approximately a third of the photon production compared to the standard concrete. Above 0.5
MeV, this reduction is closer to an order of magnitude. These results indicate that such a concrete can also be used to lower the radiation dose due to photons outside of a thick shield, as discussed earlier.
It should be mentioned that these calculations assume that the PE and B 4 C are homogeneously distributed throughout the concrete block. The effects of inhomogeneities and grain sizes of the additives, for example as seen in previous studies of Boral are not considered [26, 27] .
Construction of the concrete
Inspired by the above presented simulations, we had a concrete mixture produced based on the addition of PE and B 4 C. The recipe for the concrete is shown in Table 2 also has a lower density than the standard concrete. This is also due to the replacement of the granite, with a mass density of about 2.6 g/cm 3 with the PE, which has a density of 0.95 g/cm 3 . The lower density of the new concrete thus corresponds to a concrete that is overall 15% lighter than regular concrete.
The figure also illustrates the homogeneity of the mass density of the PE-B4C-concrete throughout the column.
MeV neutron measurements
In order to evaluate the performance of the concrete in the MeV range, we carried out shielding measurements using the time-of-flight (TOF) technique.
The aim of the current measurements was to verify the shielding behavior of the concrete in the MeV neutron energy range. The measurements were carried out using the method of neutron tagging [30] at the Source-Testing Facility will be the highlight of a future publication [31] . A general overview is given below.
A basic outline of the experimental method and setup is shown in Fig. 7 . . If the α-particle reacts with 9 Be resulting in a recoiling 12 C, neutrons with energies up to about 11 MeV can be freed [33] . The Pu/Be source employed here radiated approximately 2.99×10 6 neutrons per second [34] . For further details about the source, see Ref. [35] .
In the special case that the 12 C nucleus recoils in its first-excited state, the corresponding neutron will be accompanied by a prompt 4.44 MeV de-excitation γ-ray that is radiated almost isotropically. The resulting radiation field of in- detector, provided a γ-flash signal which was used to calibrate the TOF TDC for tagged neutrons. The time at which the radioactive decay occurred (time zero) was also calculated from this signal using the speed of light and distance to the NE-213A detector position, as described in Ref. [36] . Note that the tagging technique restricts the maximum available tagged-neutron energies to about 7 MeV due to the energy lost to the 4.44 MeV γ-ray. Due to the very clean nature of the TOF data, no pulse-shape discrimination was required, as the events which fell within the TOF range of interest comprised primarily of neutron events [35] .
The measured direct TOF spectrum, with no block in the beam, is shown in A model of the above described setup was implemented in Geant4. This included the direct beam, as shown in Fig. 8 , the divergence of the beam provided by the tank, the distances between the source and detectors, the thicknesses of the blocks, and the detector efficiency, as modeled with the Stanton code [37] . A lower energy cutoff of 300 keVee was used during the analysis, which resulted in a lower energy neutron cutoff of 1 MeV for the neutron detection efficiency. The physics list QGSP BERT HP was also used for these simulations and the materials compositions for the concretes are those given in Table 1 . The Geant4 simulations were carried out within the ESS Detector Group framework [38] , which contains developments and tools relevant for neutron shielding calcula- The results with the four benchmark materials are shown in Fig. 9 . The points represent the Geant4 simulations and the lines represent the results of the measurements, as described using the methods above. Overall it is seen that there is excellent agreement between the Geant4 simulations and the measurements. This provides confidence that the simulation method and approximations used are sufficient for predicting the shielding performance of the blocks for neutron shielding. 
Conclusions
In summary, we have developed a specialized concrete for enhanced suppression of neutrons below the few MeV energy range. The concrete was created by adding PE beads and B 4 C to the material mixture. We found that while the concrete was not as strong as the reference standard concrete, it exhibited a lower density and a significant improvement in the shielding of neutrons below a few MeVs compared to the standard concrete. An analysis of our measurement data revealed that the new concrete yields around 40% fewer neutrons, compared to a standard concrete, in the MeV energy range while 
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